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Ion-produced lattice disorder-often an undesirable effect of ion implantation-can be reduced if implantation is carried out at an elevated temperature. We present here a study of the structural characteristics of wurtzite GaN bombarded with 197 Au ϩ ions at 550°C over a wide dose range. Results show that disorder buildup and amorphization are suppressed at elevated temperatures, as compared to implantation at room temperature and below. With increasing ion dose, the evolution of damage proceeds via the formation of point-defect complexes and some planar defects, which are parallel to the basal plane of the GaN film. However, high-dose ion bombardment of GaN at elevated temperatures is complicated by anomalous surface erosion. Such an erosion is attributed to a three-step process of ͑i͒ the accumulation of implantation disorder with increasing ion dose, ͑ii͒ thermally and ion-beam-induced decomposition of a heavily damaged near-surface layer, and ͑iii͒ ion-beam-stimulated erosion of such a highly N-deficient layer. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1347010͔ Several groups have recently reported studies of ionimplantation disorder in GaN. 1 Such studies are necessary for optimization of the technological steps where ion beams are used. Indeed, lattice damage is often an undesirable ͑but always an inevitable͒ result of ion bombardment. Postimplantation annealing is necessary to remove undesirable ionbeam damage to make implanted GaN suitable for device applications. However, it is well known that, when a semiconductor crystal is heavily damaged by ion bombardment, annealing of implantation disorder becomes very difficult or even impossible ͑see, for example, Ref. 2͒. Therefore, decreasing the level of lattice disorder produced during ion bombardment becomes an important issue, especially for the applications which require high-dose ion implantation.
One way to avoid high levels of ion-beam damage is elevated temperature implantation. Parikh et al. 3 reported Rutherford backscattering/channeling ͑RBS/C͒ and crosssectional transmission electron microscopy ͑XTEM͒ studies of GaN bombarded with 120 keV Mg and 160 keV Si ions at 550°C. Suvkhanov et al. 4 reported a RBS/C study of GaN bombarded at 700°C with 100 keV Si and 80 keV Mg ions. Another report on lattice disorder produced by a moderate dose of 90 keV Mg ions implanted into GaN at temperatures up to 550°C and studied by RBS/C was reported by Wenzel, Liu, and Rauschenbach. 5 However, results reported in Refs. 3, 4, and 5 are somewhat contradictory and not sufficient to build up a complete picture of the structural characteristics of GaN bombarded with ions at elevated temperatures. For example, Wenzel, Liu, and Rauschenbach 5 have observed that lattice disorder in GaN increases with increasing implantation temperature. In contrast, in Refs. 3 and 4, it has been reported that the level of ion-beam disorder decreases with increasing implantation temperature, accompanied by ͑ap-parent͒ strong surface disordering.
Given the controversy in the results mentioned above, we have performed a more-detailed study of damage processes in wurtzite GaN under elevated-temperature ion bombardment. In this letter, we report on the damage buildup behavior in GaN under heavy-ion ( 197 Au ϩ ) bombardment at 550°C. Results show that accumulation of stable defects and amorphization are indeed suppressed at elevated temperatures, as compared to implantation at room temperature and below. However, it is very interesting that for high-dose ion implantation dramatic ion-beam-induced erosion of the GaN film takes place.
The ϳ2-m-thick wurtzite undoped-GaN epilayers used in this study were grown on c-plane sapphire substrates by metalorganic chemical-vapor deposition ͑MCOVD͒ in a rotating disk reactor at Ledex Corporation. Implantation with 300 keV 197 Au ϩ ions was done at 550°C with a beam flux of 3.1ϫ10 12 16 cm Ϫ2 using the ANU 1.7 MV tandem accelerator ͑NEC, 5SDH-4͒. Before implantation, samples were partly masked by a piece of Si. During implantation, samples were tilted by ϳ7°relative to the incident ion beam to avoid channeling.
After implantation, samples were characterized ex situ by RBS/C with 1.8 MeV 4 He ϩ ions incident along the ͓0001͔ direction and backscattered into a detector at 98°relative to the incident beam direction to provide enhanced depth resolution for examining near-surface damage accumulation. XTEM was performed in a Philips CM12 transmission electron microscope operating at 120 keV. XTEM specimens were prepared by 3 keV Ar ϩ -ion-beam thinning using a Gatan precision ion-polishing system. The surface morphology of implanted samples was studied by tapping-mode atomicforce microscopy ͑AFM͒. The AFM study was performed under ambient conditions with a Nanoscope III scanning probe microscope using commercial single-beam Si cantilevers with force constants of 30-120 N m
Ϫ1
. Figure 1 shows selected RBS/C spectra that illustrate the damage buildup in GaN with increasing dose of 300 keV Au ions at 550°C. It is seen that, for ion doses up to ϳ6 ϫ10 14 cm Ϫ2 , the damage level both near the surface and in the bulk ͑with a maximum at ϳ400 Å from the surface͒ gradually increases with increasing ion dose. For higher doses, both near-surface and bulk peaks of disorder exhibit saturation at the levels which are considerably below the random level.
The microstructure of implantation disorder has been studied by XTEM. Shown in Fig. 2 are dark-field XTEM images taken from GaN implanted at 550°C with 300 keV Au ions to doses of 6ϫ10 14 cm Ϫ2 ͓Figs. 2͑a͒ and 2͑b͔͒ and 4ϫ10 15 cm Ϫ2 ͓Figs. 2͑c͒ and 2͑d͔͒. The gϭ0002* XTEM images shown in Figs. 2͑a͒ and 2͑c͒ indicate the presence of point-defect clusters in the near-surface region damaged by ion bombardment ͑up to ϳ1500 Å from the GaN surface͒. In addition, the gϭ11 00* XTEM images from Figs. 2͑b͒ and 2͑d͒ reveal implantation-produced planar defects. The concentration of these planar defects, which are parallel to the basal plane of the GaN film, increases with increasing ion dose, as seen from a comparison of Figs. 2͑b͒ and 2͑d͒ .
A similar band of planar defects has been observed in GaN bombarded with 40 keV 12 C ions and with 100, 300, and 2000 keV 197 Au ions at liquid-nitrogen and room temperatures. 6 Therefore, it can be concluded that these planar defects represent defect structures characteristic for ionbombarded GaN.
A comparison of Figs. 1 and 2 indicates that bulk damage, as observed by RBS/C, consists of point-defect complexes and a band of planar defects. XTEM images from Figs. 2͑b͒ and 2͑d͒, as well as the shape of RBS/C spectra from Fig. 1 , also show that such a band of planar defects becomes wider with increasing ion dose. Not surprisingly, no amorphization occurs even for rather high doses of heavy ions implanted at 550°C. Damage saturation in the bulk, as indicated in Fig. 1 , suggests that the processes of defect production ͑by the ion beam͒ and removal ͑via defect annihilation and, presumably, expansion of the defect band͒ are balanced during irradiation at 550°C.
Such a behavior of the damage buildup in the bulk is, in fact, very similar to that observed in GaN bombarded with keV Au ions at room temperature. [6] [7] [8] However, in the case of room-temperature implantation, with increasing ion dose, amorphization proceeds layer-by-layer from the GaN surface, and, for a dose of ϳ2.5ϫ10 15 cm Ϫ2 of 300 keV Au ions, the whole implanted region is rendered amorphous. 6, 7 To better understand the damage saturation observed in the RBS/C study of GaN bombarded at 550°C to high ion doses, implanted samples have been studied by AFM. Shown in Fig. 3 is the dose dependence of the step height between implanted and unimplanted regions of GaN bombarded with . This figure illustrates that highdose ion implantation is complicated by very efficient material erosion. 300 keV Au ions at 550°C, as measured by AFM. Figure 3 illustrates anomalous surface erosion which occurs for high ion doses. For example, it is seen that such ion bombardment to a dose of 1ϫ10 16 cm Ϫ2 results in the erosion of a ϳ1000-Å-thick surface layer. This anomalous erosion also explains the somewhat unexpected shape of the RBS/C spectra of GaN implanted at 550°C to high ion doses, as illustrated in Fig. 1 for the case of a sample implanted to a dose of 2 ϫ10 16 cm Ϫ2 . Indeed, due to erosion, the position of the GaN surface changes with increasing ion dose. Therefore, the shape of RBS/C spectra taken from the samples implanted to high ion doses is consistent with dramatic erosion in which both disorder and Au profiles are shifted towards the surface.
It is clear that ballistic sputtering mechanisms alone cannot account for such a large sputtering yield for high ion doses ͑see Fig. 3͒ . 9 Instead, this anomalous surface erosion can be attributed to a three-step process of ͑i͒ the buildup of implantation disorder with increasing ion dose, 10 ͑ii͒ thermally and ion-beam-induced decomposition of a heavily damaged near-surface layer for relatively high ion doses, 11 and ͑iii͒ ion-beam-induced erosion of such a decomposed ͑N-deficient͒ layer.
Finally, it should be mentioned that such a three-step scenario for the anomalous material erosion reported here is consistent with a recent report on ion-beam-induced erosion of amorphous and heavily damaged GaN films ͑prepared by low-temperature heavy-ion bombardment of as-grown epitaxial GaN films͒ during subsequent reirradiation with 2 MeV 63 Cu ions at elevated temperatures. 12 Indeed, data reported here and in Ref. 12 indicate that GaN crystals with damage levels above some threshold value exhibit very efficient erosion during elevated-temperature ion bombardment.
In conclusion, structural characteristics of GaN bombarded with 300 keV Au ions at 550°C have been studied by a combination of RBS/C, XTEM, and AFM techniques. Results show that, despite very efficient dynamic annealing of radiation defects, with increasing ion dose, implantation disorder accumulates in the form of point-defect clusters and planar defects. No amorphization has been observed even for very high ion doses. Instead, during high-dose ion bombardment, when the disorder level becomes relatively large, anomalous surface erosion occurs. Such erosion has been suggested to proceed via thermally and ion-beam-induced decomposition of heavily damaged GaN followed by a very efficient ion-beam-induced erosion of a highly N-deficient film. This efficient erosion may impose significant limitations on the technological applications of ''hot implants'' into GaN.
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